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We review previous works on polymer conﬁned crystallization employing strategies that allow conﬁne-
ment to go from themicron to the nanometer scale: droplets, blends, block copolymers and inﬁltration into
alumina nanopores. We also present novel results, reporting homogeneous nucleation and ﬁrst order
crystallization kinetics, for the ﬁrst time, in a homopolymer and a diblock copolymer inﬁltrated within
alumina nanopores. Conﬁnement can produce fractionated crystallization or exclusive crystallization at
much higher supercoolings as compared to bulk polymers, as the degree of conﬁnement increases. For
highly conﬁnedheterogeneity freemicro or nano-domains, the overall crystallization kinetics is dominated
by nucleation and therefore becomes ﬁrst order. The nucleation mechanism changes from heterogeneous
nucleation for the bulk polymer to surface or homogeneous nucleation for ensembles of conﬁned and
isolated heterogeneity free micro or nanodomains. Surface nucleation is more commonly found than ho-
mogenous nucleation, although this fact is not frequently recognized in the literature.
 2013 Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
Polymer crystallization is still far from being completely un-
derstood. Hence, it is the subject of many fundamental and prac-
tical investigations since crystallinity degree and superstructural
morphology greatly inﬂuence thermal and mechanical properties
that in turn determine practical applications [1e9].
One intriguing aspect, that has become more relevant with the
advent of nanotechnology, is crystallization under conﬁnement.
A conﬁned polymer system can be prepared by dividing a bulk
polymer into a series of domains of reduced dimensions which are
independent from one another (droplets, cylinders, lamellae, etc.).
Many conﬁned systems can span a large size range from the micron
to the nanometer scale (depending on sample preparation or
composition).Wewill refer to these isolated crystallizable domains,
as microdomains (MDs), even though in many cases their size can
reach nanoscopic dimensions. These polymericMDs can experience
conﬁnement in one, two or three dimensions and it is possible to
ﬁnd them in droplet dispersions, blends, block copolymers, nano-
layers and polymers inﬁltrated within inorganic templates [10e17].
When the number of MDs is of the same order of magnitude or
higher than the number of active heterogeneities present in a bulk
polymer, the nucleation and crystallization of the polymer canBY-NC-ND license.experience dramatic changes. In conﬁned polymers, one of two
situations arises during solidiﬁcation from the melt:
(a) The crystallization occurs in a single crystallization event but at
much lower temperatures than the usual crystallization tem-
perature (Tc) of the bulk polymer. This is usually encountered in
a system characterized by heterogeneity free MDs (or clean
MDs), when the number of MDs is several orders of magnitude
higher than the number of heterogeneities present in the bulk
polymer.
(b) The crystallization is split into several steps well spaced in
temperature. This situation occurs when the number of active
heterogeneities is of the same order of magnitude than the
number of MDs. Since the crystallization occurs in several
steps, it is often referred to as “fractionated crystallization”, and
it is usually the result of having a mixture of heterogeneity free
MDswith substantial populations of MDs that contain different
types of heterogeneities (i.e., heterogeneities that can be acti-
vated at different supercoolings).
In the case of heterogeneity free or clean MDs, the nucleation
typically changes from a heterogeneous nucleation (present in the
bulk polymer) to either homogeneous nucleation or surface
nucleation of the MDs (i.e., initiated at the surface of the MDs or at
the interface between the crystallizable MDs and the matrix sur-
rounding them). Surface nucleation can be frequently encountered
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lower free energy as compared with homogeneous nucleation.
In this paper, we will discuss in detail the conditions that are
required to encounter homogeneous or surface nucleation during
the crystallization of conﬁned MDs. The detection of a lower Tc
value than that exhibited by the bulk polymer is not the only
requisite for homogeneous nucleation, as often claimed in the
literature. The order of the isothermal crystallization kinetics, the
difference between Tc and Tg, and the volume of the MDs should
also be taken into account, as discussed in detail below. The con-
sequences of conﬁnement on the nucleation, crystallization and
degree of crystallinity will be discussed.
After a brief literature review that also features our previous
work on polymer blends and block copolymers, wewill concentrate
on discussing recent works on the inﬁltration of polymers within
alumina nanoporous templates and we will report our latest un-
published results on this salient topic in recent literature.
2. Crystallization of droplet dispersions
It was as early as 1880 when Van Riemsdyk [18] reported that
small gold droplets crystallized at much larger supercoolings than
bulk gold. Later (between 1948 and 1969), many researchers per-
formed careful experimental studies on droplet dispersions (usu-
ally in the micron range) of water, metals, alkanes and polymers
[19e28]. All these studies reported that the crystallization of
droplets occurred at much greater supercoolings than in the bulk
material. The explanation offered was a change from heteroge-
neous nucleation in the bulk polymer to a different kind of nucle-
ation in heterogeneity free droplets. The nucleation could occur by
the generation of homogeneous nuclei in the bulk of the droplets or
by surface nucleation. In several of these works, the authors
pointed out that surface nucleation required a lower free energy
and therefore could dominate the crystallization of clean droplets,
rather than the more energetically costly homogeneous nucleation
that should occur within the volume of the droplet by spontaneous
aggregation of the molecules.
Dalnoki-Veress and coworkers [29e35] revisited recently these
classic droplet experiments by employing a new and ingenious
method to produce clean droplet dispersions. They focused their
attention on the crystallization of droplet dispersions of poly(-
ethylene oxide), PEO, and polyethylene, PE. They prepared thin
ﬁlms by spin coating PEO or PE onto immiscible substrates (like
polystyrene ﬁlms), and in a second step the samplewas annealed to
induce dewetting. The droplets thus produced were studied by
polarized light optical microscopy (PLOM), atomic forcemicroscopy
(AFM) and elipsometry.
The crystallization of the droplets was followed by direct
observation in the optical microscope. The sample was slowly
crystallized; the time and the number of droplets that solidiﬁed
were recorded. Two different kinds of behavior were observed. At
higher temperatures, the heterogeneously nucleated droplets
crystallized, while at a lower crystallization temperature the clean
droplets (e.g., homogeneously or surface nucleated droplets) crys-
tallized. An important advantage of these experiments is the pos-
sibility to verify the nature of the nucleation process.
Employing a correlation plot for successive melting and cooling
experiments, it is possible to deduce if the nucleation of the
droplets occurs in droplets that contain heterogeneities or in clean
droplets (where probably homogeneous nucleation can take place
within the volume of the droplet) [29e35].
Fig. 1 shows typical results, where the droplets crystallization
temperatures of two consecutive experiments are plotted versus
one another. In the case of heterogeneously nucleated droplets, the
temperature of the crystallization should always be the same foreach droplet. Each heterogeneity has a particular energy barrier, in
consequence, it has a particular crystallization temperature.
Therefore, there is a good correlation around the linewhere Tc1¼ Tc2
(see Fig.1b). However, in the case of homogeneous nucleation a poor
correlation was found between successive crystallization tempera-
tures (Fig. 1a). Homogeneous nucleation depends on the nature of
the polymer and on the size of the droplets. Therefore the droplets
with the same size have similar crystallization temperature and the
data seems to cluster around speciﬁc values (Fig. 1a).
In the case of homogeneously nucleated droplets, it is possible
to establish a relationship between the crystallization temperature
and the droplet volume, since the probability of nucleation depends
on the volume [11,19,29].
Massa et al. [31] also found that the homogeneous nucleation
process does not depends on the molecular weight or chain length.
According to the results obtained on PS-b-PEO block copolymers,
the homogeneous nucleation of the PEO block is only affected by
closely neighboring chain segments and not by the entire
macromolecule.
Recently, Carvalho and Dalnoki-Veress [33] studied the different
types of nucleation that can occur in droplet dispersions. They
studied the crystallization of PEO droplets on substrates of varying
roughness (amorphous or semi-crystalline isotactic polystyrene),
and in all cases they found a behavior similar to Fig. 1, where a
group of droplets exhibited a correlation plot of the type shown in
Fig. 1b (at low supercoolings) while a second group of droplets
exhibited correlation plots similar to Fig. 1a (at high supercoolings).
They concentrated in studying the crystallization of clean droplets
that freeze at high supercoolings.
By performing direct visualization of droplet solidiﬁcation at
constant temperatures, theywere able to obtain nucleation kinetics
data from which a time constant (s) can be extracted that charac-
terizes the nucleation process [29,33]. For classic homogeneous
nucleation, this time constant should scale with the radius of the
droplets as: s w R3, as demonstrated in Ref. [29] for PEO droplets
dewetted on smooth amorphous atactic PS surfaces.
Carvalho and Dalnoki-Veress [33] obtained that the scaling of
the time constant for nucleation varied depending on the rough-
ness of the surface upon which the droplets are deposited. Scaling
exponents for clean droplets corresponding to 3 (nucleationwithin
the volume of the droplets or classic homogenous nucleation), 2
(surface nucleation) and 1 (for droplets nucleated at the contact
line between the surface and the droplet, referred to as edge
nucleation) were found for clean droplets. Fig. 2 shows AFM images
that apparently indicate the exact location of primary nuclei in
selected droplets. Additionally, the droplets which exhibited sur-
face or edge nucleation, needed less supercooling than volume
nucleated droplets.
According to the correlation plot approach (Fig. 1), all the
cases examined by Carvalho and Dalnoki-Veress [33] corre-
sponded to non-heterogeneous nucleation (which they claimed
were homogenous nucleation in all cases). Nevertheless, in this
paper, we will only refer to “homogenous nucleation” in the case
where primary nuclei start inside the volume of clean droplets,
since this is the only situation considered in classic nucleation
theory as truly homogeneous nucleation (in the sense that no
heterogeneity or surfaces play a role in the spontaneous aggre-
gation of atoms or molecules to form primary nuclei within a
MD). The other cases where the scaling has been found as 2 or 1
can be considered special cases of surface or edge nucleation and
they occur at lower undercoolings as compared to homogeneous
nucleation.
The works reviewed above indicate that the nucleation of
droplet dispersions is a complicated process, where at least four
types of situations can arise:
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Fig. 1. Correlation plots for POE droplets: (a) homogeneous and (b) heterogeneous nucleation. The legend indicates the number of droplets which crystallize at the same tem-
perature [35].
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groupof droplets that cancrystallize are those that contain highly
active heterogeneities. The nucleation occurs at low super-
coolings at temperatures equivalent to those for the bulk polymer
in a classic heterogeneous nucleation case. When different types
of heterogeneities are present, less active heterogeneities may
trigger nucleation at higher supercoolings. This case gives rise to
the socalled fractionated crystallization thathasbeenobserved in
blends and block copolymers (see below and reviews about the
phenomenon in Refs. [10,11,16,36]).
(2) Nucleation at large supercoolings of clean droplets or MDs. Upon
further cooling, the clean droplet population can crystallize at
larger supercoolings depending on their size and interfacial
characteristics. As demonstrated by Carvalho and Dalnoki-
Veress [33] if the droplets are in contact with an external sur-
face, this surface can also induce nucleation. Therefore, even in
clean droplets, three cases must be considered at increasing
supercoolings, depending on the roughness of the surface in
contact with the droplet: (a) edge nucleation, (b) surface
nucleation and ﬁnally (c) classic homogeneous nucleation, at
the maximum possible supercooling (taking into consideration
the volume of the droplets or MDs)
Additionally, the isothermal crystallization kinetics in the case
of heterogeneous nucleation is that usually encountered in semi-
crystalline polymers, where the Avrami index takes values of 3e4
(or even 2 in some cases). On the other hand, as explained in detail
below, when the crystallization of heterogeneity free MDs isFig. 2. AFM images of PEO droplets on different PS substrates: (a) Possible homoge-
neous nucleation within a droplet interior, (b) nucleation at the contact line or edge
nucleation [33].considered (usually taking place at large supercoolings), a ﬁrst or-
der crystallization kinetics (or lower) is normally obtained (i.e., an
Avrami index of 1).
Therefore, it should be readily apparent that encountering
classic homogeneous nucleation, where chains spontaneously
aggregate within the volume of the MDs under consideration
would not be common. The differences in supercooling needed for
the different types of nucleation are a function of the energy bar-
riers involved, and the largest energy barrier is that encountered by
polymer chains to nucleate homogeneously.
Although true homogeneous nucleation has been documented
for PEO droplets, there are other polymers like polyethylene (PE),
where surface nucleation dominates and careful examination of the
literature indicates that classic homogeneous nucleation (despite
claims to the contrary, in papers where just low values of crystal-
lization temperature have been considered instead of surface
nucleation) has never been observed for the case of PE droplets,
blends or block copolymers (see Refs. [11,16,34,36,37] and refer-
ences there in).
Related studies of droplets crystallization have been reported
for dispersions created with a wide range of techniques: dewetting
[38], miniemulsion and aqueous dispersions [39e44], preparation
of nanodroplets by annealing multilayer ﬁlms obtained by co-
extrusion and nanolayers [45e54].
Kailas et al. [38] prepared dispersions of isotactic polypropylene
(PP) nanodroplets, by spin coating and subsequent dewetting. They
studied their in-situ crystallization by hot-stage AFM. These PP
droplets are pancake like droplets since they are ﬂattened, so their
diameters are much larger than their thickness. Three types of
nucleation events were found and they observed that the nucle-
ation depended on the volume and on the thickness of the droplets
in contrast to the ﬁndings of Massa et al. [31]. Kailas et al. [38]
explained the difference arguing that in their work they go down
to 2 nm in thickness size, while the minimum thickness employed
by Massa et al. is 5 nm, and this difference in size may affect the
conﬁnement level. The authors reported three types of behavior: 1.
Instantaneous nucleation and quick crystal growth in isolated
nanodroplets with thickness greater or equal to 5 nm. The crys-
tallization temperatures observed were in the range of 38 to 37 C,
and Tc had a dependence on droplet volume. 2. Nucleation and
slow growth where only one nucleus was formed inside the
droplets. This behavior was observed in droplets whose thickness
was between 2 and 3 nm with a diameter around 700 nm. The
crystallization temperature was 34.8 C. 3. Multiple nucleation
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was found for thicknesses of 3.5e5 nm and a crystallization tem-
perature of 33 C.
Kailas et al. [38] argued that at high degrees of conﬁnement, the
thickness and volume of the droplets inﬂuence the nucleation
temperatures observed and the way in which the crystalline
structure growths. In droplets whose thickness is very small (lower
than 5 nm), the dimensions of the critical nucleus are comparable
to the thickness of the droplets. These results are explained in
terms of thickness dependence and are not attributable to surface
nucleation. AFM studies as a function of temperature demonstrated
that during heating scans, reorganization processes occur that
transformed the PP crystalline phase from the smectic to the alfa
modiﬁcation.
One curious observation from the results obtained by Kailas
et al. [38] is the fact that the minimum crystallization temperature
reported for 0.5 nm thickness PP droplets is 24 C. This temperature
presumably corresponds to the crystallization of homogeneously
nucleated PP droplets. The homogeneous nucleation temperature
for these extremely small nanodroplets is still 24 C above the Tg of
PP (whose Tg is approximately 0 C). In the case of PEO and PCL
nano-spheres within diblock and triblock copolymers (with a size
between 10 and 20 nm), the homogeneous nucleation observed
during DSC cooling scans occurs at temperatures that only differ
approximately 1e5 C from their respective Tg values [11]. Homo-
geneous nucleation should occur at the maximum available
supercooling. It is therefore, still unknown why in PP, the homo-
geneous nucleation temperature can occur at such relatively high
nucleation temperatures.
Other approaches to prepare droplet dispersions to study their
crystallization have been reported by Montenegro and Lanfester
[39], Tongcher et al. [40], Taden and Lanfester [41] (mini-
emulsions) and by Ibarretxe et al. [43] (aqueous dispersions of
polyoleﬁns).
1-D spatial conﬁnement of polymers can be obtained in thin
ﬁlms with a concomitant effect on their crystallization behavior.
The formation of crystal nuclei will be drastically affected (espe-
cially at higher temperatures). Also, the preferential orientation of
polymer crystals will also be inﬂuenced by 1-D conﬁnement, a
phenomenon that has been carefully studied [45,55e71]. The ef-
fects of ﬁlm thickness can be summarized into several categories:
a. Thickness of several hundred of nanometers. In this case, pre-
dominantly edge-on lamellar crystals have been found ob-
tained. Examples can be found for: isotactic polypropylene
[56,57], multilayer coextruded iPP/polystyrene [45], poly-
amide 6 [58], poly(ethylene oxide) [59], poly(ethylene naph-
thalene) [60], poly(ethylene terephthalate) [61] and PEO in
poly(vinyl chloride) blends [62].
b. “Ultrathin ﬁlms” (thickness < 100 nm). In these cases, the ﬁlm
thickness can approach the average size of the polymer coils, this
characteristic will provoke the formation of ﬂat-on (ﬂattened)
lamellar crystals. Reported examples include: poly(vinylidene
ﬂuoride) [63], PEO [64] and poly(3-hydroxybutyrate) [66].
c. “Quasi-Two dimensional” thin ﬁlms. This category encom-
passes those thin ﬁlms where the crystallization becomes
diffusion-limited, as shown by experiments using PEO [67e69],
PE [70] and PET [71].
Upon decreasing ﬁlm thickness, the morphological transition
from edge-on to ﬂat-on crystals has been observed inwide range of
polymers [45,55e71]. It has been argued that this transition reﬂects
the inﬂuence of the spatial conﬁnement by the ﬁlm thickness upon
the formation of the crystal nuclei. A detailed discussion of thin
ﬁlms is beyond the scope of the present contribution.3. Crystallization of conﬁned components within polymer
blends
The morphology of immiscible polymers blend depends on
composition. When the amount of the dispersed phase is small
(w20%) the formation of droplets of a micrometric size is
commonly reported [72]. In these cases a conﬁned environment is
obtained. If the dispersed component can crystallize, it may exhibit
fractionated crystallization. This term was coined by Frensch et al.
[10] to describe the multiple crystallization exotherms that can be
observed when an ensemble of MDs (e.g., the dispersed micro-
droplets within a matrix in an immiscible polymer blend) is
cooled from the melt in a DSC, as opposed to single crystallization
exotherm exhibited by bulk homopolymers.
One important condition for fractionated crystallization to occur
is that the number of MDs should be at least of the same order of
magnitude or higher than the number of active heterogeneities in
the bulk polymer. When a semi-crystalline bulk polymer is blended
with an amorphous immiscible matrix, a ﬁne dispersion can be
obtained (depending on the mixing conditions, rheology of the
blend components and addition of compatibilizers) that can fulﬁll
the previous condition. Then some MDs will be heterogeneity free,
while others will contain heterogeneities.
The presence of several crystallization exoterms can be
explained by considering that several groups of MDs can crystallize
at different supercoolings, depending on the particular efﬁciency of
the heterogeneities in promoting nucleation. Several types of het-
erogeneity may be present that are activated at different super-
coolings. At larger supercoolings surface nucleation of clean
droplets (i.e., heterogeneity free) may occur, or even homogeneous
nucleation (at the largest possible supercooling that will be deter-
mined by the MDs volume).
We will present an example of fractionated crystallization
behavior in immiscible blends where the matrix is constituted by
amorphous PS and the dispersed phase is isotactic polypropylene
(iPP) [36]. Fig. 3 presents standard DSC cooling behavior of the
homopolymers and the 80/20 PS/iPP blend. The iPP crystallizes in
one single peak located at 111 C, on the other hand the PS shows its
Tg at around 100 C.
When PS and iPP are blended in an 80/20 proportion, the minor
component (iPP) forms droplets of aprox. 1 mm in diameter
dispersed in a PSmatrix as revealed by SEM [36]. The number of iPP
droplets (1011 particles/cm3) is higher than the number of active
heterogeneities in bulk iPP (i.e., 9  106 heterogeneities/cm3 as
determined by polarized optical microscopy in Ref. [36]).
The heterogeneities present in this commercial iPP do not have
exactly the same efﬁciency and different kinds will be activated at
different supercoolings. In bulk iPP, only the most active kind
dominates the behavior causing the polymer to exhibit a single
crystallization exotherm at low supercooling, as shown in Fig. 3.
The less active heterogeneities do not have a chance to nucleate
bulk iPP since once the most active heterogeneity triggers the for-
mation of a certain nucleation density, the rest of the polymer
crystallizes by secondary nucleation. The situation is changedwhen
the polymer is ﬁnely dispersed into many MDs.
The iPP within the blend in Fig. 3 exhibits a fractionated crys-
tallization characterized by four exotherms upon cooling from the
melt (labeled A, B, C and D). Exotherm A occurs at the same
supercooling as in bulk iPP and therefore can be attributed to the
crystallization of a group of droplets that contain heterogeneity A,
or the most active heterogeneity present in bulk iPP.
Exotherms B and C probably correspond to the crystallization of
droplet populations that contain less active heterogeneities and
therefore require higher supercoolings to nucleate. Finally, exo-
thermD can be attributed to the crystallization of cleanMDs since it
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Ref. [36]).
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perature of exotherm D is still much higher than the Tg of iPP, it is
unlikely that it corresponds to homogeneously nucleated crystals. It
is thereforemost probably due to the crystallization of droplets that
were nucleated by surface nucleation.
The origin of fractionated crystallization is the lack of highly
active heterogeneities in every MD present in the blend. If het-
erogeneous nuclei are injected in these MDs, then the fractionated
crystallization should disappear and all the droplets should crys-
tallize in a single step. Nuclei injection can be realized either by the
addition of a nucleating agent or by the creation of self seeds
through self-nucleation. Both strategies have been successfully
applied in the past [36,73e79].
Fillon et al. designed an experimental protocol to induce self-
nucleation within a semi-crystalline polymer by thermal treatments
in DSC experiments where a sample with a standard crystallization
history is partially melted to left self-nuclei that can increase the
numberdensity of nuclei by several orders ofmagnitude [80]. In order
to demonstrate that the fractionated crystallization behavior shown
in Fig. 3 is due to the lack of active nuclei in every MD, iPP was self-
nucleated. The experiment was also performed in the homopolymer
for comparison purposes. After self-nucleating iPP homopolymer at
162 C (this was the ideal self-nucleation temperature, see
Refs. [36,80,81]), the crystallization exotherm was shifted to much
higher temperatures (a decrease in supercooling of 28 C) as expected
by the increase in nucleation density.
Fig. 3 shows how after self nucleating the iPP droplets in the 80/
20 PS/iPP blend, the crystallization of all MDs now occurs at much
higher temperatures in a single step. The peak crystallization
temperature is about 4 C lower than in the case of neat iPP,
reﬂecting the fact that nuclei injection is more difﬁcult than in bulk
iPP (the ideal self-nucleation temperature was also 1 C lower for
the dispersed iPP).
Tol et al. [77,78,82,83] studied the crystallization behavior of a
series of ternary blends composed by atactic polystyrene (PS),
poly(phenylene oxide), PPE, and polyamide 6 (PA6). The PS and PPE
are miscible with one another but they are immiscible with PA6.
The crystallization of PA6 can then take place within a glassy or a
rubbery matrix depending on the composition of the matrix, PS,
PPE or PPE/PS blend. Hence, the authors were able to study theinﬂuence of the matrix, blend morphology, size and distribution of
the dispersed phase on the crystallization of PA6. The most
important results of the works of Tol et al. [77,78,82,83] are:
1. They corroborated previous ﬁndings (see Refs. [10,36] and
references there in) indicating that fractionated crystallization
depends on the relationship between the number of hetero-
geneities and the number of MDs. Fractionated crystallization
only takes place if the number of MDs is the same or higher
than the number of heterogeneities. The different peak crys-
tallization temperatures of the several exotherms commonly
observed correspond to different MDs populations containing
different types of heterogeneities [10,36,73e76,84,85]. The
thermal history of the sample can produce changes in the
fractionated crystallization. A particular thermal treatment
could change the morphology of the sample: changes from a
co-continuous to a dispersed phase morphology will promote
fractionated crystallization, while the reverse will cause its
disappearance. The authors also corroborated that self-
nucleation provokes enhanced nucleation of the sample in a
single high temperature exotherm, as shown in Fig. 3
[10,36,73e76,84,85].
2. The nucleation density was found to be higher when the
crystallization took place within a glassy matrix than in a
molten or rubbery one.
3.Smaller droplets had slower crystallization kinetics and lower
Tc values.
4. The crystallization kinetics showed higher temperature
dependence for PA6 droplets in the blends than for bulk PA6.
This difference could indicate that nucleation may be domi-
nating the overall crystallization process. A similar phenome-
non has been observed in crystallizable block copolymer
components (see below and refs. [11,16]).
5. The crystals formed inside the dispersed MDs at higher
supercoolings are highly metastable. An important difference
between the crystallization enthalpy (during cooling scans)
and the melting enthalpy (during heating scans) have been
found for the systems studied by Tol et al. [77,78,82,83]. This
behavior was due to crystal reorganization including lamellar
thickening during the heating scans.
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type of crystals that were formed. Bulk PA6 developed a crys-
tals, while PA6 droplets with size in the order of 1 mm prefer-
entially formed g phase crystals. Finally, the smallest droplets
(less than one micron) exhibited crystals of the b form.
Fractionated crystallization has been usually observed in
immiscible blends. However, several examples have also been re-
ported for miscible blends. He et al. [86] studied the miscible poly
(butylen succinate) (PBS) and poly(ethylene oxide) (PEO) blend. In
the systems where the PEO is the minor component, the crystalli-
zation of PEO takes place at around 10 C. The explanation is that
PEO crystallizes in the conﬁned space between PBS lamellae. In
general, it is possible to have a conﬁned environment within a
miscible blend, if the polymers in the blend are both semi-
crystalline. Other conditions that must be satisﬁed are: (a) the
polymer that crystallizes at higher temperatures should not be able
to nucleate the minor component that crystallizes at lower tem-
peratures, and (b) Tg values of both polymers must generally be
different to allow different crystallization ranges.
The study of the crystallization kinetics in a blend exhibiting
fractionated crystallization is very difﬁcult. The reason being that
the crystallization kinetics of each droplet population should be
studied separately, at different crystallization temperatures, and
the overlap of the different processes is almost inevitable. In some
cases, however, when the blend morphology is extremely ﬁne, a
single crystallization exotherm at large supercoolings is observed,
since the number of MDs can be several orders of magnitude larger
than the number of available active heterogeneities. Hence statis-
tically speaking, most of the produced droplets are heterogeneity
free and can crystallize at very large supercoolings via surface or
homogeneous nucleation.
One of such blends was recently studied by Cordova et al. [87],
who were able to produce two types of very different blend mor-
phologies by mixing PA6 (minor phase) with polyethylene. In one
case (denoted MA) a ﬁne sub-micron dispersion of PA6 droplets
within a PEmatrix was produced. On the other hand a second blend
(denoted MC) was produced whose morphology was that of a co-
continuous PA6 phase within a PE matrix. In both cases a single
crystallization exothermwas obtained for the PA6 component upon
cooling from the melt. The crystallization temperature of the PA6
component in the MC blend was much higher than in the MA blend
(148.6 and 107.8 C respectively), as expected for a percolated
versus a conﬁned phase.
When an ensemble of clean isolated micrometer or nanometer
droplets orMDs are crystallized, their freezing temperatureswill be
much lower than the crystallization temperature for the same
polymer in the bulk. This has several consequences from the overall
kinetics of crystallization point of view. At such large supercoolings
once a nucleus is formed (either by surface nucleation or homog-
enous nucleation), the MD crystallization will be almost instanta-
neous. Therefore, the slow step is the formation of the nuclei. This
brings about a large change in the order of the crystallization ki-
netics. Polymers in bulk normally crystallize with sigmoidal type
kinetics, usually described by an Avrami exponent of 3e4 (or even 2
in some cases). Once the nucleation is dominant, in the dispersed
droplets case, the rate of isothermal overall crystallization kinetics
is simply proportional to the fraction of droplets that have not
crystallized and is therefore transformed to a ﬁrst order kinetics or
the equivalent to an Avrami index of 1 [21,25,88e90].
Fig. 4 shows a very clear example of the effect of the blend
morphology (see also the TEM micrographs that appear as inserts)
on the overall crystallization kinetics of the PA6 component within
immiscible blends with PE. The overall crystallization kinetics
exhibit an exponential dependence with time (typical of a ﬁrstorder kinetics) for the sub-micron droplet morphology of the MA
sample. The “isothermal step crystallization” technique described
in the experimental part (see below) was employed to collect the
experimental data presented in Fig. 4a, since the usual continuous
method was not sensitive enough [87]. On the other hand, when a
blend of similar composition but with co-continuous morphology
is studied, its crystallization kinetics exhibits a classical sigmoidal
shape normally encountered in PA6 homopolymer.
Recently, an ingenious method to prepare nanolayers from a
sequential coextrusion process has been introduced. In this
method, the number of layers can be largely increased at the
expense of reducing the thickness of the co-extruded layers. It is
also feasible to obtain nanodroplets dispersions by annealing such
multilayer coextruded ensemble. The following systems have been
studied employing this method: polyethylene/polystyrene (PE/PS),
polypropylene/polystyrene (PP/PS), polycarbonate/poly(ethylene
terephtalate) (PC/PET) and poly(ethylene oxide)/ethylene acrilic
acid copolymer (PEO/EAA). The crystallization behavior within the
nanolayers and within the spheres that are obtained after heating
and coalescence of the nanolayers have also been studied [45e54].
Wang et al. [53] and Pethe et al. [54] studied the crystallization
of poly (ethylene oxide) (PEO) in a multilayer system of poly
(ethylene oxide) co-extruded with an ethylene acrylic acid copol-
ymer. They studied the crystallization in layers whose thickness
varied between 3.6 mm and 8 nm. The orientation of the lamellae
were random for 3.6 mm layers. By reducing the thickness to 20 nm,
single lamellae were found in each PEO layer according to AFM,
SAXS and WAXS results. In addition, the oxygen permeability was
reduced by two orders of magnitude in the system that has PEO
nanolayers with 20 nm thickness. Each PEO nanolayer contained a
single large lateral lamella within it (i.e., a large PEO single crystal).
The preparation of controlled thickness multilayer materials com-
plements the potential of blends, thin ﬁlms and block copolymers
for the study of the phenomenon of crystallization in conﬁned
conditions.
Jin et al. [47e50] and Bernal-Lara et al. [46] studied the behavior
of nanodroplets dispersions by annealing a multilayer coextruded
ensemble of 257 thin layers formed by alternating PE or PP layers
with immiscible PS layers. In the PP case, each thin PPﬁlmwithin the
ensemble was approximately 12 nm thin. When the multilayer
material was annealed, PP nanodroplets with sizes close to 30 nm
were formed. They found crystallization temperatures of around
40 C and have attributed this high supercooling as compared to the
bulk polymer to homogeneously nucleated crystal formation.
However, no evidences were presented to disregard other possi-
bilities like surface nucleation. Their WAXS results indicate that the
PP is crystallizing in a smectic phase within the nanodroplets. This
type of crystallographic arrangement could be a consequence of the
way the nanodroplets are prepared, since they come from the
rupture and coalescence of nanolayers and therefore in agreement
with the recent observation of Kailas et al. [38] who found similar
results for droplets whose thickness were below 5 nm (see above).
On the other hand, Arnal et al. [76] obtained PP droplets in the
micron range (1e2 mm) in a PS matrix (by melt blending) and
demonstrated byWAXS that the droplets crystallized in the typical a
phase of PP, just as the bulk polymer. Clearly, the size of the droplets
has an important inﬂuence on whether the smectic PP phase de-
velops or not.
Jin et al. [47e50] studied the effect of adding nucleating agents
to multilayered thin ﬁlm ensembles containing PP. After annealing
the ensemble to prepare droplets of PP in a PSmatrix, the exotherm
at 40 C which was attributed to homogeneously nucleated crys-
tallization decreased in size when sorbitol was used as a nucleating
agent. This result corroborates earlier ﬁndings by Santana and
Müller who reported the complete disappearance of fractionated
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Fig. 4. Variation of PA6 component relative degree of crystallinity (expressed as relative DH values) with time for (a) PA6/PE blends with a submicron droplet morphology (MA)
(Tc ¼ 102.5 C) and (b) with a co-continuous morphology (MC) (Tc ¼ 166 C). Solid lines represent ﬁttings to the Avrami theory. The inserts show TEM micrographs that reveal the
blend morphology. Data taken from Ref. [87].
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agent phtalocyanine blue was added to the blend [73].
4. Block copolymer crystallization
Block copolymers in the strong segregation regime may exhibit
morphologies where MDs can be isolated and independent of one
another, and in consequence the crystallizable blocks may exhibit
fractionated crystallization or exclusive crystallization of hetero-
geneity free MDs at large supercoolings. The formation of segre-
gated MDs in block copolymers is a function of the composition of
the block copolymer and the segregation strength between the
blocks, given by cN, where c is the FloryeHuggins interaction
parameter between the constituent blocks and N the polymeriza-
tion degree of the copolymer [91e93]. Additionally, three impor-
tant temperaturesmust be considered in the case of a linear diblock
copolymer composed of an amorphous block and a semi-crystalline
block: the order-disorder temperature (TODT), the crystallization
temperature (Tc) of the semi-cristalline block and the glass transi-
tion (Tg) of the amorphous block [11e13,16,17,93]. Table 1 sum-
marizes the different morphologies that could be expected when
dealing with a relatively simple linear diblock copolymer system.
If the diblock copolymer is in the strong segregation limit,
crystallization has to occur within the conﬁned MDs that are
typically formed depending on composition: lamellae, gyroids,
cylinders or spheres. Although the morphologies remain almost
intact, some level of distortion may occur in view of the densiﬁ-
cation process that accompanies crystallization [11].
In a previous review [11] examples of all the cases given in
Table 1 can be found. More complicated systems where both blocks
can crystallize [14e16] or when the copolymer presents more
complex molecular architectures have also been examined in the
literature (like ABC triblock terpolymers or myktoarm stars)
[11,16,94]. Also, the inﬂuence of the interphase on polymerTable 1
Possible morphologies of a linear diblock copolymer with one crystallizable block depen
Segregation level TODT/Tg/Tc Morph
Homogeneous melt TODT < Tc > Tg Crysta
Weakly segregated systems (low cN values) TODT > Tc > Tg The cr
crystal
Medium segregated systems (medium cN values) TODT > Tc > Tg Quenc
Slow c
Strongly segregated systems (high cN values) TODT > Tc > Tg The cr
(soft c
TODT > Tg > Tc A stric
(hardcrystallization within block copolymers has been studied [95]. The
interested reader is referred to recent reviews on the subject of
block copolymer crystallization [11e17].
In this section, we will focus on the conﬁned crystallization of
poly(ethylene oxide), PEO, within poly(ethylene oxide)-b-poly-
butadiene diblock copolymers, PEO-b-PB, since we will also deal in
the next section with the inﬁltration of PEO within alumina nano-
pores and its conﬁned crystallization in a hybrid material. We will
also present a less frequently reported case of conﬁned block
copolymer component crystallization within a miscible block
copolymer system.
Castillo et al. recently studied the crystallization and melting of
the PEO block within PB-b-PEO linear diblock copolymers prepared
by living anionic polymerization [96]. Two copolymers with low
PEO content were studied: B81EO1934 and B89EO11105, where the sub-
scripts correspond to the composition in wt.% and the superscripts
to the number average molecular weight given in kg/mol. The
calculated values of cN for these block copolymers are higher than
50, in consequence they are strongly segregated within a soft
environment since PEO will crystallize upon cooling when the PB
block is rubbery (the Tg of the PB block is around 70 C).
The morphology was determined by TEM and SAXS. B89EO11105
exhibited a morphology of PEO nanospheres randomly dispersed in
a PB matrix. On the other hand, B81EO1934 presented a mixed
morphology of short cylinders and spheres, since its composition is
close to the cylinderesphere transition, and both morphologies
were present but with a clear preference to sphere formation. As
expected the size of the domains of the B81EO1934 are larger than in
B89EO11105. In both cases the size of the spheres are in agreement
with the values reported previously in other similar systems
[88,97e99].
Fig. 5 shows DSC cooling and heating scans for B81EO1934 and
B89EO11105 diblock copolymers. During cooling three and two
exotherms are observed for B81EO1934 and B89EO11105 respectively.ding on the segregation strength and TODT, Tg and Tc values.
ology in the solid state
lline lamellae surrounded by amorphous material
ystallization destroys previous melt structure (by break-out) and
line lamellae are formed.
hing: the melt segregated morphology is preserved.
ooling: Break-out and crystalline lamellae are formed.
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Fig. 5. DSC cooling (a) and (b) and heating (c) scans at 20 C/min for the B89EO1934 and B89EO11102 block copolymers. A PEO homopolymer is shown for comparison purposes. Data taken
from Ref. [96].
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the PEO MDs. The number of MDs estimated by TEM by Castillo
et al. [96] for B89EO11105 was about 1016 spheres/cm3, while the
number of highly active heterogeneities in PEO is around 106 het-
erogeneities/cm3. Hence, the majority of the MDs will be hetero-
geneity free.
In the case of B81EO1934 the mixed morphology between cylinders
and spheres also contains percolation between a small number of
these MDs. This is the reason why, in this block copolymer, a small
exotherm (labeled A) was obtained (see Fig. 5a) whose peak
crystallization temperature is the same as that of neat PEO.
Therefore, the small number of percolated MDs crystallized by
heterogeneous nucleation. The second exotherm (labeled B) upon
cooling from the melt possibly originates in the crystallization of a
group of MDs that contain a less active type of heterogeneities.
Finally, the exotherm encountered at the largest supercooling
(labeled C) is most probably due to the crystallization of hetero-
geneity free MDs.
In the case of the copolymer with only 11% of PEO, the
morphology is dominated by isolated spheres. This is reﬂected in
the absence of the exotherm labeled A in Fig. 5a. In fact, most of the
spheres crystallize in exotherm C, where heterogeneity free MDs
crystallize at the largest supercooling.
For both block copolymers, the dominant crystallization of clean
MDs occurs in a temperature range that although is very low (at
around 25 C) as compared to PEO homopolymer (which crys-
tallizes at temperatures that are nearly 50 C higher), it does not
correspond to the homogenous nucleation temperature reported
for MDs of similar volume [11,100] that crystallize at even lower
temperatures (aprox. -45 C). Therefore, the nucleation of the MDs
that crystallize in exotherm C (Fig. 5a) was initiated at the surface or
the interphase with the PB block [11,96,100].
Usually the reorganization of the crystals formed at extreme
supercoolings during the subsequent heating scan originates a
single melting endotherm (see Refs. [11,16,36,75,84,100e102]),
however in the systems studied by Castillo et al. [96] a fractionated
melting was reported for the ﬁrst time. A complex series of
annealing and isothermal crystallization experiments were per-
formed in order to establish the origin of the multiple melting
peaks which were related to the fractionated crystallization of the
samples (see Ref. [96] for more details).
Castillo et al. [96] also studied the isothermal crystallization
kinetics of the copolymers. They performed the experiments by the
isothermal step crystallization procedure (similar to that describedin the experimental part of this paper) and the data was ﬁtted with
the Avrami equation. The isothermal analysis at low temperatures,
corresponding to the crystallization of the isolated MDs, resulted in
Avrami indexes around 1 (the reported values were: 1.27,1.01, 0.96).
These results were expected, since as in the PA6 droplets within the
polymer blends case (Fig. 4a), the nucleation dominates the overall
crystallization process of these isolated and heterogeneity free PEO
nanodomains.
In the case of crystallizable block copolymers, a clear correlation
between the Avrami index and the morphology has been demon-
strated (see Refs. [11,13e16,94] and references therein). The Avrami
index decreases as conﬁnement increases. In the case of mor-
phologies where the crystallizable polymer can percolate
throughout the material and therefore spread the crystallization by
secondary nucleation, the Avrami index reﬂects the dimensionality
of growth (usually two or three dimensions) and the nucleation
kinetics (from instantaneous to sporadic). However, when the MDs
are truly isolated, like in the case of well developed cylinders and
spheres, the nucleation can dominate the behavior and the Avrami
index will typically be 1 or even lower (see Refs. [11,13e16,94] and
references therein).
As well as in blends, conﬁnement can also be present in miscible
block copolymers, although it is not so common as in strongly
segregated systems. When a miscible double crystalline diblock
copolymer crystallizes from a mixed melt, the ﬁrst block to crystal-
lize usually templates the morphology (e.g., by forming spherulites)
leaving interlamellar regions ﬁlled with amorphous chains (from
both components) that upon further cooling provide the spatial
conﬁnement where the second block must crystallize [14,15].
In the case of a miscible PA6-b-PCL (with 52% PCL and a total
molecular weight of 6.700 g/mol) block copolymer, the crystalli-
zation of the PCL block is conﬁned between the crystalline PA6
lamellae that formed at higher temperatures [103]. The crystalli-
zation exotherm for the PCL block was impossible to detect in a
cooling scan in a DSC at 20 C/min, however the block was able to
crystallize since a melting peak corresponding to the PCL block was
detected during a subsequent heating run (see Fig. 6a). The samples
were studied employing the isothermal step crystallization tech-
nique. Fig. 6b shows how the shape of the relative DH versus time
curve changes from the classical sigmoidal shape for bulk PCL, to a
simple ﬁrst order exponential growth in the block copolymer. The
Avrami equationwas employed to ﬁt the data and the Avrami index
was very low for the conﬁned PCL in the copolymer, i.e., between
0.4 and 0.8 [103].
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Fig. 6. a) DSC heating scans at 20 C/min of a PCL-b-PA6 block copolymer (C52-b-A486.7) and its corresponding homopolymers. b) Variation of the relative degree of crystallinity
(expressed as relative DH values) with time for PCL homopolymer and the PCL component within C52-b-A486 diblock copolymer [103].
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solutions
The use of copolymers in solution is very common, especially
when one of the blocks is preferentially dissolved by the solvent
employed, in those cases the formation of nanostructures are ex-
pected. If the insoluble block is semicrystalline, the crystallization
will take place in a conﬁned environment, a reduction of Tm and Tc
has been reported for these systems [104,105]. The shape of the
nanostructure depends not only on the traditional variables, like
molecular weight, composition or segregation strength, but in this
case the solvent plays a very important role. For block copolymers
to self-assemble in these conditions, the solution must be heated
above the Tm of the semicrystalline block so that during cooling
crystallization and hence the formation of the nanostructure takes
place [104e141].
Weber et al., and Rochette et al. [44,142] have reported the
synthesis, nano-structuring and crystallization of polyethylene in
water. They employed surfactants in order to stabilize the
remarkable nanostructures that can form in water. Inside the
nanostructures (known as nano-hamburgers by their peculiar
morphology) a single lamella was sandwiched between two layers
of amorphous polyethylene. They found very large supercoolings
which are in agreement with the conﬁned environment of the
nanoparticles [44]. Additionally, they studied the effect of lamellar
thickening produced by annealing lamellae formed inside the
produced nanostructures [142].
Another important consequence of the crystallization at
extreme supercoolings produced by conﬁnement is the creation of
highly metastable polymeric crystals that upon heatingwill need to
reorganize. This subject has been studied in detailed both in PEO
nanospheres within block copolymers by Röttele et al. [97,143] and
in sub-micrometer PA6 droplets by Tol et al. [144].
6. Crystallization within anodic aluminum oxide templates
6.1. Experimental part
6.1.1. Materials
The samples employed in this work are: (a) A polyethylene
oxide sample from Scientiﬁc Polymer Products with a number
average molecular weight (Mn) of 100 kg/mol (EO100100) and a poly-
dispersity index of approximately 3, and (b) A poly(ethylene oxide)
-block- poly(1,4-butadiene) diblock copolymer (Bd21-b-EO79257) witha composition of 79 wt.% of PEO and 21 wt.% of PB and Mn equal to
257 kg/mol and a polydispersity index of 1.1. This copolymer was
generously supplied by the group of Prof. Nikos Hadjichristidis and
was synthesized by living anionic polymerization (see
acknowledgements).
6.1.1.1. Inﬁltration. The AAO templates employed in this work had
an average diameter of 35 and 60 nm and pore lengths of
approximately 100 mm. They were prepared by the two-step
anodization method as reported elsewhere [145]. For that, the
AAO templates were ﬁrst cleaned with solvents of different polarity
(water, ethanol, and acetone) and then electro-polished. Subse-
quently, a ﬁrst anodization is performed in an acidic electrolyte
under constant voltage, the ﬁrst alumina layer is dissolved, and
then the second anodization is carried out.
The precursor ﬁlmwetting method was used for inﬁltrating both
samples (EO100100 and Bd21-b-EO79 257). The polymers were heated to a
temperature well above the melting point (Tm) during the inﬁltra-
tion. First, the AAO templates were annealed at 200 C in vacuum in
order to remove the possible adsorbed organic molecules from the
pore walls. Copolymer inﬁltration into two alumina templates with
35 and 60 nm diameter pores was carried out by placing the solid
materials onto the AAO at 117.5 C and then annealed under a ni-
trogen atmosphere for 3 h to be sure that the copolymers will not
degrade but, on the other hand, all the pores will be inﬁltrated. In the
case of homopolymer the temperature of inﬁltration was 107.5 C
with time of inﬁltration 1.5 h. After the inﬁltration process, the
samples were quenched under ice-water and ﬁnally cleaned with
the aid of a blade to remove any remaining polymer on the surface.
6.1.2. Differential scanning calorimetry
6.1.2.1. Standard DSC measurements. Samples of templates with
inﬁltrated EO100100 weighing 70 mg were employed. These samples
contained the precursor aluminum at the bottom of the template,
plus the alumina template and the inﬁltrated polymer. The exact
mass of inﬁltrated polymer is unknown but has been estimated by
TGA to be of the order of 1% of the total weight of the sample (circa
0.7 mg). In the case of the inﬁltrated Bd21-b-EO79257, the aluminum
base was removed and 25 mg were employed consisting of just
alumina template and the inﬁltrated copolymer. From these about
0.25e0.5 mg correspond to the copolymer sample. The samples
were encapsulated in hermetically sealed 100 mL Aluminum pans.
DSC standard runs were performed on a Diamond Perkin Elmer
Instrument at 20 C/min calibrated with zinc and indium under an
R.M. Michell et al. / Polymer 54 (2013) 4059e40774068ultra high purity nitrogen atmosphere. The results obtained with
the inﬁltrated samples were compared with neat samples at the
same scan rates and employing a mass of 5 mg.
6.1.2.2. Isothermal DSC experiments. Two methods were employed
to perform the isothermal crystallization kinetics employing DSC:
the conventional or “continuous isothermal crystallization” [146]
and the “isothermal step crystallization” technique [147].
The conventional or “continuous isothermal crystallization”
experiments were performed to the un-inﬁltrated samples. After
erasing the crystalline history of the samples by heating them for
3 min at 25 C above the melting temperature, the samples were
quickly cooled (at a controlled rate of 60 C/min) to a crystallization
temperature (Tc) at which the isothermal DSC scan was recorded.
Experimental checks were performed to ensure that the sample did
not crystallize during the cooling to Tc (by heating the samples
immediately after reaching the corresponding Tc values and
ensuring that no melting was observed, see Ref. [146]).
In the case of the inﬁltrated samples within the alumina tem-
plates, the crystallization of the conﬁned nanocylinders (inside the
alumina nanopores) was impossible to detect by standard
isothermal crystallization experiments. The reason is that the heat
evolved per unit time is too small to be detected by the calorimeter
in isothermal mode.
The isothermal crystallization of the polymers inﬁltrated in the
alumina templates was determined with a technique employed
previously with block copolymer microphases termed “isothermal
step crystallization” [147]. A similar technique has also been used
before by Galante et al. [148] The procedure involved the following
steps: (a) erasure of crystalline history by heating the sample to
25 C above themelting temperature for 3 min; (b) fast cooling (at a
controlled rate of 60 C/min) down to Tc; (c) the sample was held at
Tc for a time tc which was later increased in the subsequent steps;
(d) heating at 20 C/min from Tc to 25 C above the melting tem-
perature. The heat of fusion calculated from this DSC heating scan
should correspond to the crystallization enthalpy of the crystalsFig. 7. SEM micrographs of prepared AAO templates: (a) 35formed in step “c” at Tc for the speciﬁed crystallization time; (e)
steps “a”e“d” were repeated employing the same Tc in step “b”, but
increasing tc. The ﬁnal tc was taken as the time themelting enthalpy
in the subsequent heating scan did not change with respect to the
previous one; (f) the whole process was repeated for different Tc
temperatures.
Anodic aluminum oxide (AAO) templates were ﬁrst prepared by
Massuda et al. [149]. Aluminum is submitted to a double anodiza-
tion process. During the ﬁrst one, an irregular AAO layer is formed,
this layer is removed and in the second anodization a hexagonally
porous array of AAO is obtained (see Fig. 7). Depending on the
conditions employed during template preparation, different pore
sizes could be achieved (for detail information on template prep-
aration see Ref. [150,145]).
Once the template is prepared, the inﬁltration of a polymeric
material into the nanopores is possible. Different methods can be
used to inﬁltrate the polymer. One of the most employed is melt
inﬁltration, were a ﬁlm of polymeric material is placed on the top of
the pores andmelted. Themolten polymer ﬁll the pores after a time
has elapsed (for detail information on the inﬁltration methods and
ﬁlling process, see Ref. [150]). This process is also known as nano-
molding [151e155]. In some cases, an interconnecting layer re-
mains on the top of the template, this layer must be removed in
order to appreciate a truly conﬁned behavior of the nanodomains
within the nanopores of the templates. Also the polymer can be
extracted from the template after inﬁltration, in order to obtain
nanoﬁbers or nanocylinders.
The crystallization of polymers within AAO templates has
attracted much recent attention [37,145,156e169]. Several general
trends can be extracted from a review of the literature:
1. The crystallization temperature (Tc) decreases with pore size.
Woo et al. [163] studied the crystallization of linear poly-
ethylene (PE) inﬁltrated in AAO templates. Several pore sizes
were studied, from 15 to 110 nm. Fig. 8 shows the variation of
the minimum crystallization temperature. These temperaturesnm side view, (b) 35 nm top view, (c) 60 nm top view.
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(see Refs. [11,16,34,36,37]) and their origin must be related to
either surface nucleation or nucleation induced by the AAO
walls.
Similar results of decreasing crystallization temperatures with
pore sizes have been found for inﬁltrated PP [156], PEO [37,167,170]
and PE-b-PS [37] copolymers.
2. The degree of crystallinity is generally lower for inﬁltrated
polymers within AAO nanopores than for neat polymers in the
bulk state [156,157,167]. Similar results have been obtained for
crystallizable MDs within block copolymers and blends (see
Refs. [11,16] and references there in).
3. Depending on the pore size and the number of highly active
heterogeneities, it is possible to observe fractionated crystalli-
zation of inﬁltrated polymers. In this case the presence of traces
of the ﬁlm employed during the inﬁltration process may lead to
the presence of an additional exotherm at the same under-
cooling as in the neat polymer, in view of the percolating path
connecting a series of nanopores. Fig. 9 shows a cooling scan of
EO100 (see experimental part) inﬁltrated within a 35 nm AAO
template prepared in this work, that contained some traces of
the interconnecting PEO ﬁlm (remaining from the inﬁltration
procedure, which was not completely removed) and after
carefully removing it. In the sample with the interconnecting
PEO layer a fractionated crystallization process with three-20 0 20 40 60
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Fig. 9. Cooling DSC scans for PEO100 inﬁltrated in this work within a 35 nm AOO
template.crystallization peaks was detected. Once the layer is completely
removed, only the crystallization peak at maximum super-
cooling was observed.
4. The melting temperature also changes with pore diameter (see
Fig. 10). This behavior is especially noticeable at small pore
sizes, were the lamellae are forced to be thinner due to a
reduction in the space available to crystallize.
5. The chain in the crystals, inside the nanopore, is usually ori-
ented perpendicular to the cylinder axis (see Fig. 11). In block
copolymers with cylindrical nanodomains the orientation of
the chain is a function of the supercooling employed. At me-
dium supercoolings the chain is perpendicular to the cylinder
axis [171e176]. Studies made on linear PE [157], PEO [37],
Poly(vinylidene diﬂuoride) (PVDF) [158,161,162] and syndio-
tactic polystyrene (sPS) [164,165] found that chains in the
crystals are perpendicular to the pore axis. However, Steinhart
et al. [161] found a dependence of the interconnecting layer
(the ﬁlm remaining from the inﬁltration that can provide a
percolation path between the nanopores) and the chain
orientation. If this layer remains on top of the nanopores, the
crystals grew in the fastest direction, and the chain was
perpendicular to the pore axis. On the other hand, if the nano-
domains were isolated, no preferential orientation was
observed [161]. In the case of the sPS studied byWu et al. [164],
two different orientations depending on the size of the nano-
pore were found. At larger nanopore diameters, the preferen-
tial orientation was perpendicular to the pore axis, however, at
increasingly smaller pore diameters the chains eventually
crystallized parallel to the nanopores. A similar result has been
recently found for PEO inﬁltrated in AAO templates [177]. It
would seem that for pore sizes exceeding 25 nm, most of the
works published have found a perpendicular orientation of the
chains inside the nanopores, since this facilitates crystal
growth (Fig. 11).
6. Conﬁnement inside nanopores can induce changes in poly-
morphism, as reported for Poly(vinylidene ﬂuoride-co-
triﬂuoroethylene) within AAO pores [160]. Wu et al. also
found modiﬁcations on the crystal structure of sPS crystals,
from b phase found in the bulk to a upon inﬁltration [159,165].
On the other hand, PVDF changes from a to g after inﬁltration
[158]. Less dramatic changes were shown by Polyaniline (PANI),
since in this case, the inﬁltration modiﬁes the crystal unit cell
from orthorrombic to pseudo-orthorrombic [178].
7. Double conﬁnement can cause further reductions in crystalli-
zation temperature, as reported by us when PS-b-PE strongly
segregated diblock copolymers were inﬁltrated in AOO nano-
pores. A diblock copolymer containing a PS matrix and already
conﬁned PE cylinders was inﬁltrated into AOO nanopores and a
phenomenon of double conﬁnement was reported, since the PE0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
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covalently bonded to it plus that caused by the inorganic AOO
walls. The PE block (as well as PE homopolymer inﬁltrated for
comparison purposes) crystallization was started by surface
nucleation [37].
Most of the studies that have been published so far on the
conﬁned polymer crystallization within AAO templates, have
focused on crystal orientation, changes in crystalline morphology
and the inﬂuence of the nanopore size on the crystallization tem-
perature, melting and crystallinity degree [37,145,156e
167,170,179e182]. However, the study of isothermal crystalliza-
tion kinetics has been limited to a few papers [156,157,163,170]. In
most cases, the Avrami Indexes reported are larger than 1, which
are unexpected values.
As reported above, it has been extensively documented in the
literature that an ensemble of isolated and conﬁned MDs that are
free from heterogeneities normally crystallize at much larger
supercoolings than the bulk polymer and typically exhibit a ﬁrst
order nucleation kinetics (or lower order), that corresponds to an
Avrami index of 1 (or lower than 1). This behavior has been re-
ported for both surface nucleation (see Figs. 4 and 6) and homo-
geneous nucleation in droplets, blends and block copolymers-20 0 20 40 60 80
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Fig. 12. DSC cooling (left) and heating (right) scans for the indicated samples. The y-axis sca
while that on the right (2 mW) corresponds to the AAO inﬁltrated materials.[11,13,16,24,25,87e90,96,100,103,147,174]. We present new results
on the thermal properties of PEO and PBd-b-PEO before and after
inﬁltration in AAO templates. We found the typical behavior of
conﬁned polymers with respect to their crystallization kinetics and
thermal properties. The results obtained after performing standard
DSC tests are shown in Fig. 12.
The results shown by un-inﬁltrated PEO is the typical behavior
of a standard DSC test of a semi-crystalline homopolymer. Both
melting and crystallization temperatures are within the expected
range (see Table 2). The Bd21-b-EO79257 block copolymer exhibits a
morphology of PB cylinders inside a PEO matrix [96]. It must be
noted that the PEO block is of a narrow molecular weight distri-
bution, while the commercial PEO homopolymer used for com-
parison purposes is polydisperse. As a result, the values of Tc differ
by 3 C (see Table 2).
According to the results shown in Fig. 12 and Table 2, it can be
observed that conﬁnement caused a dramatic reduction of the
crystallization temperature. In the case of the PEO homopolymer
inﬁltrated in a 35 nm template, the reduction in Tc value was of
65.0 C in agreement with a previous work by us with a different
PEO sample [37]. A similar behavior has been reported for PEO and
also for other polymers that have been inﬁltrated in nanopores, like
PP, PE, sPS and PVDF [37,156e165]. In the case of Bd21-b-EO79257
diblock copolymer within a 35 nm AAO template, the crystalliza-
tion temperature of the PEO block changed from 46.2 C in the bulk
to 26.0 C in the template, or a reduction of 72.2 C. Such low
crystallization temperatures for PEO are characteristic of hetero-
geneity free MDs (for the volume of the PEO nanocylinders inside
the AOO pores). In fact, the number of nanopores in the templates is
approximately 10 orders of magnitude higher than the number of
active heterogeneities in bulk PEO, therefore, the number of clean
MDs will be exceedingly higher than those with heterogeneities.
The question is whether or not crystallization started from homo-
geneous nuclei within the volume of the nanopores or was trig-
gered by the AAO surface in contact with the polymer. In the case of
homogeneous nucleation, the crystallization temperature should
occur at very large supercoolings (close to vitriﬁcation) and should
be a function of the MDs volume. [11,35,37,88].
Müller et al. [11] collected information from various PEO
conﬁned systems where homogeneous nucleationwas found. From-20 0 20 40 60 80
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le on the left of the plots (i.e., 20 mW) corresponds to the un-inﬁltrated neat materials,
Table 2
Transition temperatures and enthalpies obtained by DSC standard heating and
cooling scans.
Sample Tc (C) DHc (J/g) Tm (C) DHm (J/g)
EO100100 42.7 127 65.5 135
EO100100/AAO 60 nm 22.1 0.7* 58.3 1.6*
EO100100/AAO 35 nm 22.3 0.3* 59.7 0.8*
Bd21-b-EO79257 46.2 111 66.1 122
Bd21-b-EO79257/AAO 35 nm 26.0 0.5* 50.8 0.6*
Non-normalized, because the exact weight of the polymer inside the nanopores is
unknown.
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MDs and the crystallization temperature for PEO was proposed:
Tc ¼ 41:8þ 2:89 logðvdÞ (1)
where Tc is the crystallization temperature of the PEO MDs and vd
corresponds to their average volume. If we calculate the volume of
the PEO nanocylinders inside the templates and apply equation (1),
the expected homogeneous nucleation temperature for the PEO
nanocylinders can be calculated. These temperatures are 19 C
and 17 C for the templates with 35 and 60 nm respectively.
Comparing these values with those experimentally found by DSC
tests (22 C for both cases), a homogeneous nucleation process is
highly probable in these two cases.
For the block copolymer it is not possible to determine exactly
the phase volume of PEO, since the morphology of the blockFig. 13. Variation of the relative degree of crystallinity (expressed as relative DH values)
(Tc ¼ 4 C), (b) EO100100 in the bulk (Tc ¼ 54 C) and within a 35 nm AAO template (Tc ¼ 8 C),
The solid lines represent ﬁts to the Avrami equation.copolymer may have change with inﬁltration, as has been reported
for other block copolymers in the literature [183e185]. However,
we can speculate that in any case, the volume occupied by the PEO
should be lower than the size of the nanopore, therefore the crys-
tallization temperature for this system should be lower than the
crystallization temperature of the inﬁltrated PEO homopolymer. In
fact the temperature reported in Table 2 for the PEO block within
the inﬁltrated block copolymer is lower (26 C) than for neat
inﬁltrated PEO. Therefore, we believe that the nucleation of the PEO
nanodomains was homogeneous.
For the PEO two different template diameters were employed.
An increase of the crystallization temperature with pore diameter
has been reported for several inﬁltrated polymers [37,156,162e
165]. However the difference in pore volume employed here was
not large enough to generate signiﬁcant differences in crystalliza-
tion temperature.
If the nucleation of the inﬁltrated MDs was indeed homoge-
neous, a ﬁrst order crystallization kinetics would be expected. In
the case of the inﬁltrated samples, the measurements of the overall
isothermal crystallization kinetics were performed employing the
DSC based step crystallization technique (as detailed in the exper-
imental part).
The results of the isothermal crystallization experiments are
shown in Figs.13 and 14. Fig.13 shows the relationship between the
relative degree of crystallinity DH and time for samples before and
after inﬁltration. In the case of un-inﬁltrated PEO and Bd21-b-EO79271
the isotherms display a typical sigmoidal shape, as expected for
polymers free from conﬁnement. After inﬁltration a dramatic
change is observed, since the curve corresponds to a simplewith time for (a) EO100100 in the bulk (Tc ¼ 54 C) and within a 60 nm AAO template
(c) Bd21-b-EO79257 in the bulk (Tc ¼ 58 C) and within a 35 nm AAO template (Tc ¼ 4 C).
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Fig. 14. Inverse of s1/2 experimental values versus crystallization temperature for the
indicated samples.
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being ﬁrst order (as will be apparent from the Avrami indexes
presented below). This trend was observed for all the inﬁltrated
samples at all temperatures studied.
Fig. 14 shows that the inﬁltrated samples require a much larger
supercooling to crystallize, this difference is attributable to the
higher energy barrier needed to activate homogeneous nuclei.
Because the calorimetric signal measured in the inﬁltrated mate-
rials was very small, measurements at low conversion times were
repeated at least three times. Despite these considerations, the
experimentally determined half-crystallization times (1/s1/2exp)
values, shown in Fig. 14 for the inﬁltrated material, show some
dispersion. In addition, in the case of the inﬁltrated EO100100 within a
35 nm template, the crystallization signal was too small for accu-
rate measurements to be collected except in the case of one crys-
tallization temperature (see Table 3 below).
In accordance to the standard non-isothermal DSC results,
where the un-inﬁltrated PEO block crystallized at higher temper-
atures than neat PEO (see Table 2), Fig. 14 shows that also
isothermally the PEO block needs a lower undercooling for crys-
tallization. Once again, the differences in polydispersity and syn-
thesis procedures can account for such behavior, since the average
chain length values are comparable.Table 3
Avrami ﬁtting parameters for the studied samples.
Sample Tc (C) n k (minn) s1/2theo
(min)
s1/2exp
(min)
R2 Range
(%)
EO100100 50.5 2.1 1.1E-01 2.4 2.4 1.0000 3e20
51.0 2.1 6.5E-02 3.0 3.3 0.9999 3e20
51.5 2.2 2.7E-02 4.5 4.8 0.9999 3e20
52.0 2.0 1.0E-02 8.3 8.1 0.9993 3e20
52.5 2.0 5.0E-03 11.1 11.0 0.9998 3e20
53.0 2.0 2.0E-03 17.7 16.8 0.9998 3e20
53.5 2.2 1.0E-03 21.2 21.4 0.9999 3e20
54.0 2.1 1.0E-03 30.1 26.9 0.9990 3e20
EO100100/AAO 60 nm 4.0 1.1 4.7E-01 1.4 1.4 0.9862 10e35
3.0 1.4 1.2Eþ00 0.7 0.7 0.9994 15e40
2.0 0.7 7.9E-01 0.8 0.7 0.9585 10e35
1.0 1.4 1.6Eþ00 0.6 0.6 0.9998 10e40
0.0 0.9 1.4Eþ00 0.5 0.5 1.0000 15e40
1.0 1.2 1.1Eþ00 0.7 0.7 0.9920 15e40
EO100100/AAO 35 nm 8.0 1.3 1.3E-02 23.2 17.9 0.9665 3e30
Bd21-b-EO79257 58.0 3.8 7.2E-05 11.2 11.9 0.9996 3e20
57.0 3.4 4.4E-03 4.5 4.7 0.9998 3e20
56.0 2.8 8.7E-02 2.1 2.3 0.9999 3e20
55.0 2.8 5.8E-01 1.1 1.2 0.9996 3e20
54.0 2.5 2.5Eþ00 0.6 0.7 0.9996 3e20
Bd21-b-EO79257/
AA0 35 nm
4.0 0.6 3.0E-01 4.5 4.9 0.9811 10e30
5.0 0.5 3.7E-01 3.7 5.9 0.9664 10e30
6.0 0.8 4.6E-01 2.9 1.7 0.9786 10e30
6.5 0.8 7.4E-01 1.9 1.0 0.9628 10e35
7.0 1.0 7.3E-01 1.9 1.0 0.9810 10e35
7.5 0.9 7.2E-01 2.9 1.0 0.9911 10e35The overall isothermal crystallization kinetics data obtained by
DSC was analyzed by the Avrami equation, closely following the
procedure developed by Lorenzo et al. [146]. The Avrami equation
[186] can be expressed as [146]:
1 Vcðt  t0Þ ¼ exp
 kðt  t0Þn

(2)
where Vc is the relative volumetric transformed fraction, t is the
time variable, t0 is the induction time or the time to start the
detection of crystallization, k is the overall crystallization rate
constant and n is the Avrami index. Table 3 reports the values of the
ﬁtting parameters: The Avrami index (n), the overall crystallization
rate constant (k), the linear correlation coefﬁcient (R2), the con-
version range employed for the ﬁtting, the predicted (s½theo) and
the experimentally determined (s½exp) half-crystallization times
[146]. The conversion range employed for the ﬁtting varied
depending on whether the kinetics was determined by the usual
continuous isothermal method (for un-inﬁltrated materials) or the
step isothermal method (for inﬁltrated materials), see experi-
mental. The values of k displayed trends that are similar to those of
the half-crystallization times, once their dependence with the
Avrami index is taken into account (i.e., if the values of k are
elevated to the power 1/n, then they can be expressed as min1 and
are easily compared with one another).
Up to 50% conversion to the crystalline state (i.e., during the
entire primary crystallization), the Avrami equation can predict
very well the overall crystallization process, since half crystalliza-
tion times predicted by the Avrami ﬁt are in general agreement
with the experimental values, as reported in Table 3.
Müller et al. [147] have considered that the Avrami exponent is
given by the addition of two terms:
n ¼ nn þ ngd (3)
where nn is the part of the exponent related to nucleation and ngd
that related to growth dimensionality. The nn term can have values
ranging from 0 to 1 by considering that nucleation can be instan-
taneous or sporadic. Fractional values may indicate that the
nucleation is not purely instantaneous or purely sporadic, but that
it follows a certain characteristic kinetics in between these two
extremes; in fact, nucleation usually turns more sporadic as Tc
increases.
The Avrami index values for the neat polydisperse PEO were
found to be in the range 2.0e2.2 which is low as compared with the
values that we have obtained in the past with closely monodisperse
PEO samples (yielding Avrami index values in the expected range of
3e4 corresponding to spherulitic superstructures). Homopolymers
that exhibit Avrami indexes close to 2 may crystallize in two
dimensional arrays of lamellae (i.e., axialites) that normally
impinge with one another (with a high nucleation density) before
they can develop the three dimensional superstructure of spheru-
lites. Then the Avrami index would correspond in this case to
instantaneously nucleated axialites (i.e., nn ¼ 0 and ngd ¼ 2). In any
case, for bulk homopolymers, the Avrami exponent ranges between
2 and 4, or in other words, the overall crystallization kinetics is
characterized by orders always equal or greater than 2.
More reasonable values of the Avrami index were obtained for
the PEO block within Bd21-b-EO79. The PEO block in this case con-
stitutes the percolated matrix of this diblock copolymer that con-
tains PB cylinders. The Avrami index values obtained increases from
2.5 at the lowest crystallization temperature to 3.8 for the
maximum displaying an increasing trend with temperature.
The results correspond to instantaneously nucleated spherulites
(if we approximate the value to n ¼ 3) that upon increasing
R.M. Michell et al. / Polymer 54 (2013) 4059e4077 4073temperature become increasingly more sporadic (and the limit
would be n ¼ 4) as expected.
In the case of all the inﬁltrated materials examined here, a
dramatic drop in the Avrami index was obtained. The range of
values obtained for the inﬁltrated materials are all between 0.5 and
1.4 and a total of 12 different experiments (each one repeated 3
times) performed separately with different inﬁltrated materials
and at different isothermal crystallization temperatures were per-
formed, as reported in Table 3. This is the ﬁrst time, as far as the
authors are aware that ﬁrst order (or close to ﬁrst order, n ¼ 1)
overall crystallization kinetics are reported for polymeric nano-
cylinders inﬁltrated in AAO nanopores whose nucleation is ho-
mogeneous. When PEO and the PEO block of the Bd21-b-EO79257
diblock copolymer are conﬁned into the AAO nanopores, they
crystallize at extreme supercoolings, and their nucleation is most
probably homogeneous. Under these circumstances, the rate
determining step of the overall crystallization kinetics is the
nucleation, since once a nucleus is produced inside one nanopore,
crystal growth is extremely fast (see Fig. 14). So, this would be
equivalent to consider that ngd ¼ 0 and the Avrami equation would
be determined by just the nucleation rate. Then when the nucle-
ation is sporadic we would expect a ﬁrst order kinetics with n ¼ 1.
First order kinetics have also been reported in the past for the
crystallization of PEO spheres by Chen et al. [88], Massa and
Kalnoki-Veress [29] and Reiter et al. [143].
Shin et al. and Woo et al. [157,163] studied the inﬁltration of a
linear PE into AOO templates. They have reported values of the
Avrami index that are close to 2 (between 1.7 and 1.9), which does
not correspond to the expected ﬁrst order kinetics for truly isolated
and conﬁned heterogeneity free MDs. Additionally, the crystalli-
zation temperature range employed is too high for homogeneous
nucleation (Tc values greater than 70 C). Given that the Tg values
for polyethylene are around 30 or 120 C [187,188], the differ-
ence between Tc and Tg is of at least 100 C. A surface nucleation
mechanism is more plausible in this case. Polymers like PEO or PCL
have been reported to nucleate homogeneously (also in the present
work) at temperatures that are much closer to their corresponding
Tg values, although the exact temperature depends on the MDs
crystallizing volume [1,13,37].
Duran et al. [156] reported results on the inﬁltration of PP into
alumina templates. The authors present results with several pore
diameters. For larger pores they observed the phenomenon of frac-
tionated crystallization but as they reduce the pore diameter, their
results indicate that they have obtained exclusive conﬁned crystal-
lization of heterogeneity free MDs, since the PP peak crystallization
values upon cooling from the melt are between 30 and 40 C. These
values could well be associated with PP homogeneous or surface
nucleation. Nevertheless, they obtainedAvrami index values that are
much higher than 1, in fact most reported values are between 2 and
2.5. It is difﬁcult to understand these results but they do not conform
to the expectation for homogeneous or surface nucleation.
In the present work, we found that trying to perform con-
ventional isothermal measurements with DSC on inﬁltrated tem-
plates was a challenge because the amount of polymer sample
within the pores is very small with respect to the total sample
weight (between 1 and 2%), as a result, the data was very noisy
and unreliable. This is why we employ the step crystallization
technique instead. We speculate that the use of conventional de-
terminations of the isothermal crystallization kinetics by the
continuous method may have been the reason why, in the previ-
ous works commented above [156,157,163], the expected ﬁrst or-
der kinetics, characteristic of conﬁned and isolated heterogeneity
free MDs, was not found.
Finally, Maiz et al. [170] studied the crystallization of conﬁned
PEO nanotubes inside AAO templates. They showed that when thesize of the alumina nanopores is larger than a critical value, the
inﬁltrated PEO does not form cylinders inside the nanopores
anymore, but hollow cylinders or nanotubes. They performed
limited isothermal crystallization experiments, but their Tc tem-
peratures were too high for homogeneous nucleation to develop.
The nanotubes probably started their crystallization from surface
nuclei, however, the results indicate that the hollow nanotube
ensemble was apparently conﬁned and heterogeneity free, since a
crystallization kinetics that approximated ﬁrst order was reported.
7. Conclusions
Crystallization under conﬁnement is present in many systems
such as droplets, blends, block copolymers and nanopores within
inorganic templates. As the degree of conﬁnement increases, the
predominance of heterogeneous nucleation decreases. When the
number of heterogeneities is of the same order of magnitude than
the number of MDs into which the polymer is divided, fractionated
crystallization arises. If the number of MDs is several orders of
magnitude higher than the number of existing active heterogene-
ities, heterogeneous nucleation can completely disappear (i.e., it
becomes statistically insigniﬁcant). In this case, the ensemble of
highly conﬁned isolated MDs can undergo at increasing super-
coolings: edge, surface or eventually homogenous nucleation. The
practical consequences of conﬁnement are: a very large decrease of
the solidiﬁcation temperature, a decrease of the degree of crystal-
linity and a moderate decrease in melting point.
Since macromolecules inside heterogeneity free MDs need very
large supercoolings to nucleate, once a nucleation site is generated
(e.g., by surface or homogeneous nucleation), its secondary nucle-
ation or growth is usually instantaneous. The overall crystallization
kinetics becomes dominated by the nucleation rate and becomes a
simple ﬁrst order process.
Surface nucleation requires lower supercoolings than classic
volume homogeneous nucleation, because it is a process charac-
terized by a lower free energy than the more energetically costly
process of creating new crystal surfaces inside an MD volume.
Therefore, in many cases where conﬁnement has been induced and
an isolated ensemble of heterogeneity freeMDs has been produced,
the nucleation starts at the surface or interface of the MDs.
The distinction between surface and homogeneous nucleation is
not easy and many reports in the literature claim that they have
found homogeneous nucleation simply because upon conﬁnement
the polymer crystallizes at large supercoolings.
In fact, homogeneous nucleation can only occur at extreme
supercoolings and its characteristic crystallization temperature
depends on the volume of theMDs. In the limit of a few nanometers
(15e25 nm), homogeneous nucleation has been documented for
polymers like PCL or PEO at temperatures which are only 5e15 C
above their glass transition temperatures. For polyethylene, we
believe that homogeneous nucleation has never been achieved so
far, since it crystallizes at much shallower undercoolings by surface
nucleation. The reason for this particular phenomenon in PE is still
unknown.
In order to demonstrate the existence of homogeneous nucle-
ation for a conﬁned polymeric sample (assuming that an ensemble
of isolated and heterogeneity free MDs has been successfully pre-
pared), at least two conditions should be fulﬁlled: (a) The crystal-
lization must occur at the maximum possible supercooling (that
depends on the volume of theMDs). This means that Tc should be as
close to Tg as possible if the MD volume approaches very small
values (typically 10e20 nm). (b) The isothermal overall crystalli-
zation kinetics must approach a ﬁrst order or lower (n  1), since
the kinetics will be dominated by the nucleation process. Such ﬁrst
order crystallization kinetics can also be found for conﬁned
R.M. Michell et al. / Polymer 54 (2013) 4059e40774074polymers undergoing surface nucleation. We presented in this
paper, for the ﬁrst time, data that fulﬁlls both previous conditions
for the cases of PEO and the PEO block of the Bd21-b-EO79257 diblock
copolymer when conﬁned into AAO nanopores.Acknowledgments
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